Lithium-drifted silicon [Si(Li)] detectors with thin lithium n+ contacts and amorphous silicon (a-Si) junction passivation are described. These detectors (7 mm thick, 9 cm2 area) are intended for use in a sixelement detector array which is designed to measure trace amounts of plutonium in soil samples. Results 
Introduction
Interest in improving the monitoring capabilities for trace radioactive nuclides in the environment has prompted our development of specialized x-ray spectrometers. These systems are characterized by having a close sample-detector geometry and a lithium-drifted silicon [Si(Li)] detector with thin entrance contacts on both sides as shown in Fig. 11 . The performance of a single detector spectrometer has been reported earlier1; in this paper we describe modifications to our Si(Li) detector fabrication process to facilitate the assembly of a spectrometer having six detectors, each 9 cm2 in area and 7 mm thick.
The fabrication of thin lithium window Si(Li) detectors for charged particle telescopes has been described previously2 and this technology was used to fabricate detectors for the initial single-detector spectrometers used for measuring trace amounts of plutonium in soil samples. However, the six-detector spectrometer presents more difficult problems in detector uniformity and stability. We addressed the uniformity problem by employing crystals expected to be defect free3 and the stability question by examining new surface passivation and storage techniques.
The successful application of hydrogenated amorphous germanium (a-Ge:H) to the passivation of highpurity germanium detectors4 suggested that amorphous silicon (a-Si:H) might be equally successful in passivating Si(Li) detector surfaces. The use of a-Si:H has been reported5 in the passivation of p-n junctions used at room temperature. We report here on the a-Si passivation of Si(Li) detectors, employing various concentrations of hydrogen in the a-Si deposition.
Detector Design Figure 2 illustrates the salient features of our standard and thin-window Si(Li) detectors. The thinwindow detector is fabricated by removing the thick lithium contact which is present on the standard device and rediffusing to produce the thin lithium contact as shown. The details of this process have been discussed previ ously2.
While Fig. 2 Finally, the close proximity in the soilanalyzing cryostat of the preamplifier electronics to the detector bias voltage necessitated the reconfiguring of these detectors as shown in Fig. 3 . In our x-ray systems, negative voltage is applied to the detector as indicated in the figure. Consequently, negative bias potential appears on the periphery of the detector as shown by a heavy line in the figure. Any change in the distance between the input signal lead and the detector periphery leads to a charge, AQ, being induced into the signal lead, i.e.: AQ = CsAVb + ACsVb = ACsVb where Vb is the bias voltage and Cs is the stray capacitance as indicated in the figure. By cutting down the rim of the detector as shown, we found we could greatly reduce the microphonics in the soil monitor system. The details of this and other aspects of the electronic and mechanical design will be discussed in a subsequent paper. Li n+ Contact Figure 4 illustrates the growth of the Li n+ contact thickness with time for two Si(Li) detectors. The contact thicknesses were measured using a 228Th alpha source7to determine the energy loss in the lithium n+ layer.
The theoretical growth of the lithium contact with time is a mathematically difficult problem to solve.
For our purposes, the results obtained by considering this as a two-step diffusion problem8 will suffice. The results of this analysis show that the lithium distribution at the contact can be represented by the complimentary error function. Consequently, the lithium contact thickness, xj, during the second "diffusion" can be expressed as:
where xjo is the contact thickness after the first diffusion, t is the second diffusion time, and b= 2VT7 where D is the lithium diffusion coefficient at the second diffusion temperature (i.e. room temperature). In Fig. 4 between the experimental and theoretical values for b is good considering that the lithium concentration was assumed to remain constant in the derivation of Eq. 1. Lithium in the contact region is supersaturated at room temperature and precipitation will occur, thereby reducing the concentration gradient which is driving the diffusion process. The fact that the experimental value for b is less than the theoretical value indicates precipitation is occurring in these detectors. Further, since the lithium precipitation rate is dependent on the presence of oxygen and point defects, it should be expected that the growth rate of the lithium contact will be variable from crystal to crystal. Crystals with more precipitation sites will exhibit a lower lithium contact growth rate than those with fewer sites. This has been indicated in some detectors which were fabricated on crystals which have defects present3. On these detectors a value of b = 3.6 + 0.5 jm-year-1 was obtained.
Since the growth of the lithium n+ contact is dependent on the diffusion coefficient, storage of these devices in LN will diminish the growth rate. Consequently the detectors intended for the soil analyzing x-ray system have been stored in LN. This storage technique placed additional emphasis on the surface passivation to permit cycling between room temperature and LN.
Detector Passivation
As noted earlier, hydrogenated amorphous silicon and germanium have been employed to passivate semiconductor device surfaces. In examining the performance of these coatings, we employed a high resolution x-ray system described previously°and small capacitance (-1 pF) Si(Li) detectors. For the different a-Si:H coated detectors reported here there was no appreciable difference in the system resolution at 17 js amplifier peaking time. All the detectors measured produced resolutions of the order of 125 -135 eV FWHM at LN temperature. There was, however, a marked difference in the leakage current as a function of temperature as shown in Fig. 5 . Since the leakage current, IL, for a reverse biased junction is given by1l: qn: While our rf sputtering apparatus has been described previously4, it should be noted that rf sputtering is a complicated process with susceptibility to variabilities in process control. For example, the presence of air or water along with the argon atmosphere will result in SiOx being deposited rather than a-Si. In addition, heat associated with the rf sputtering can produce temperatures sufficiently high to cause the redistribution of the lithium within the Si(Li) detector. Consequently, while we have successfully employed a-Si:H to passivate Si(Li) detector surfaces, we have encountered problems on occasion with the quality of the coating and with decompensation of the lithium. While decompensation of the lithium is fairly easily determined by measuring the change in the voltage required to deplete the detector, the quality of the a-Si:H coating is, at present, more difficult to assess. With germanium detectors, the device geometry facilitates scanning down the sides to assess the (Li) detectors with 0.5%, 7.0% and 17.5% a-Si:H coatings. The 17.5% response is identical with that of our bare surface Si(Li) detectors. The vertical axis is the DLTS output in arbitrary units. a-Ge:H coating effectiveness4. To accomplish similar scans on Si(Li) detectors would require a departure from the silicon detector geometry which is designed to pinch off the detector surface channel13. Our few attempts to make Si(Li) detectors without the "pinchoff" design have not been successful, and therefore we presently rely on detector noise, spectral performance and when possible, leakage current-temperature response and DLTS spectra to assess the a-Si:H coating.
Detector Performance
The results of the electronic noise measurements (FWHM) for several soil analyzing detectors with 7.0% ca-Si:H coating are shown in Fig. 7 . This figure illustrates both the detector performance and the difficulties in assessing whether the coating is contributing to the noise performance. At very long amplifier time constants (> 17 psec) where surface 1/f noise produced by the coating can predominate, the system is very susceptible to microphonics and other electronic interference. Consequently, in making the measurements on these detectors, great care was taken to ensure that extraneous signals were not affecting our results. All final measurements on the detectors were conducted with the cryostat system in an rf shielded room. Even so, the differences in the noise performance between various detectors at long amplifier time constants, as evident in Fig. 7 , are such that it is difficult to be certain that they are due to the a-Si:H coating or to other factors. The leakage current of the detectors shown in Fig. 7 peak-to-valley ratio for theLp x-rays is slightly poorer for incidence on the lithium contact than on the gold contact (6.5 versus 7.6). This particular detector has been used for a year in a single detector system measuring trace amounts of plutonium in soil samples.14 The system stability has been excellent indicating that the a-Si:H is effectively passivating the detector junction surface.
Concl usions
Our results have demonstrated that a-Si:H can be successfully employed to produce Si(Li) detectors with very stable low leakage current surfaces at cryogenic temperatures. With the 7 mm thick 9 cm2 area soil monitor detectors, the noise at the amplifier peaking time constant of 70 psec is being dominated by system microphonics or extraneous signals and not by detector leakage current.
The role of the hydrogen concentration in the a-Si:H on the leakage current is not well understood. While it would appear that a-Si sputtered in an argon atmosphere containing 17.5% hydrogen produces silicon surfaces equivalent to the best that we can obtain chemically, lower concentrations of hydrogen may 
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